However, due to recent innovations in measuring technology, small accelerometers have been developed for the study of flight kinematics in the field. Using these animal-borne accelerometers, we continuously monitored the flight performance of albatrosses and petrels during their long-distance foraging trips at sea. Based on these data, scaling analyses were conducted for five procellariiform species, including streaked shearwater 3
scaling relationships predicted that animals larger than the limit will not be able to flap fast enough to stay aloft under unfavourable wind conditions. Our result therefore casts doubt on the flying ability of large, extinct pterosaurs. The largest extant soarer, the wandering albatross, weighs about 10 kg, which might be a pragmatic limit to maintain a safety margin for sustainable flight and to survive in a variable environment.
Albatrosses fly thousands of kilometres in a few days to forage 11 and always return to their nesting grounds during breeding. When albatrosses are viewed from the deck of a ship, they seem to transit effortlessly with the ship for a prolonged period with no significant flapping of their wings. A combination of the high-aspect ratio of their wings and the anatomical capability to lock their wings in a stretched position 12 permits albatrosses to travel with the lowest energy expenditure among seabirds 13 . While albatrosses are highly specialised for soaring, this does not exactly mean that their flight consists only of gliding; rather, they have been observed to flap their wings under calm wind conditions 12 . According to records of heart beat rates, the flight cost of wandering albatrosses is the highest during takeoff and is higher during flight in headwinds than when the wind is behind them 14 . One possible explanation is that for albatrosses, both takeoff and flying in headwinds require relatively more flapping.
Precise kinematic descriptions of wing flapping by free-flying birds are still rare in the literature 15 . In particular, measuring the quantitative characteristics of an entire flight, from takeoff to landing, under natural conditions has been virtually impossible.
However, due to recent innovations in measuring technology, small accelerometers have been developed for the study of flight kinematics in the field. Using these animal-borne accelerometers, we continuously monitored the flight performance of albatrosses and petrels during their long-distance foraging trips at sea. Based on these data, scaling analyses were conducted for five procellariiform species, including streaked shearwater Data obtained from the largest soaring bird, the wandering albatross, indicate a similar pattern (Fig. 1C) . Wandering albatrosses usually run on the ground or the sea surface during takeoff (see Supplementary Movie2). Our data indicated that they flap at relatively higher frequencies during takeoff than during cruising flight (Fig. 1C) . The differences between the high and low flapping frequencies of wandering albatrosses
were not as marked as those of streaked shearwaters (Fig. 1B, D Takeoff is the most crucial task for flying birds and requires more active flapping than level flight because the flight speed is zero at the beginning and the birds must raise their body mainly by muscular effort. Birds can thus be expected to flap their wings at the maximum power of their muscles when taking off. The upper limit of the flapping frequency would be proportional to mass -1/3 for geometrically similar birds 4, 6, 8, 9 . Indeed, the observed scaling exponent (-0.30) was near the predicted value (-1/3).
In level flight, a bird must flap its wings to generate lift, and an optimum wingflapping frequency exists at which lift and gravity forces on the bird are in equilibrium and mechanical power is minimum for sustainable flight performance 6 .
Procellariiformes may be able to keep themselves airborne indefinitely without flapping their wings, if the surrounding air is moving 1 , but when flight is not aided by the winds, 
This relationship is the same for continuously flapping birds 4, 6, 9, 10 and close to the obtained result of lower flapping frequencies proportional to m -0.18 (Fig. 2B ). The present study compares phylogenetically but not geometrically similar species ( wingspan ∝ m 0.37 , wingarea ∝ m 0.58 , see Methods), with larger species having relatively longer and smaller wings. This might partially explain the discrepancy between observed and expected scaling of flapping frequency versus body mass.
In the Freq-Mass diagram (Fig. 2B) , the two lines of the higher and lower flapping frequencies would, if extended, intersect at a body mass of 41 kg (5.1-m wingspan).
Thus, albatross-like animals weighing close to 41 kg would lack any power margin to fly under unfavourable winds. Furthermore, an animal heavier than 41 kg would not be able to flap fast enough to accelerate its flight speed. These deductions lead to an interesting implication regarding the maximum size of soaring animals, including appearance of large pterosaurs in the fossil record 5 . Alternatively, the results of the present study lend support to a recent reappraisal suggesting that large pterosaurs were terrestrial stalkers, finding much of their food via terrestrial, ground-level foraging 22 .
Extant Procellariiformes employ the novel method of soaring to minimise the energetic costs of transit but they do not rely exclusively on soaring because the winds do not always allow it. Instead, these birds must have enough flapping ability to be able to take off from the sea surface and to attain sustainable flight under unfavourable winds. 
Methods

Field experiments
